INTRODUCTION
Over the past several years, patient-specific pharmacotherapies have rapidly advanced in clinical medicine. Personalized or precision medicinebased treatments for cancer subsets and diseases such as cystic fibrosis demonstrate efficacy for many patients while minimizing side-effects and improving upon the cost of care [1] [2] [3] [4] . More recently, there has been increasing interest in extending this strategy to cell-based therapies to directly replace diseased or damaged tissue. Human pluripotent stem cells are ideal candidates for novel cell-based regenerative repair due to two unique characteristics: they can self-renew indefinitely and they can potentially differentiate into any cell type. The most widely studied and clinically useful pluripotent stem cell groups are human embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs), which will be the main focus of this review.
The in-vitro culture of hESCs was first established in 1998. hESCs are isolated from the inner cell mass of the developing blastocyst [5] . Although hESC maintenance originally required mouse embryonic fibroblasts and fetal bovine serum, it is now possible to routinely culture hESCs in completely defined and xenogenic-free conditions that promote self-renewal and retain differentiation potential [6] [7] [8] [9] [10] . hESCs are still considered the 'gold standard' of human pluripotent stem cells. However, as hESC-derived cells used for therapies would be allogeneic, there remains the potential for immunological rejection unless immunosuppression or other strategies are implemented, as has been reviewed elsewhere [11] [12] [13] .
The groundbreaking discovery of murine iPSCs in 2006 [14] and later hiPSCs in 2007 [15, 16] demonstrated that somatic cells can be reverted into a pluripotent-like state similar to hESCs by transduction of a limited number of defined transcription factors. Since this seminal work, there has been steady progress to improve the reprogramming efficiency of adult cells using various viral, nonviral, and, more recently, small molecule approaches [17, 18] . Concurrently, patient-specific hiPSCs have been derived and utilized for a wide variety of studies to better understand human genetic diseases [19] [20] [21] [22] [23] [24] and as a platform for pharmaceutical high-throughput screening [25] [26] [27] . Many preclinical studies, as well as one clinical trial, further demonstrate the potential of iPSC-derived cells to provide a novel source for cell replacement therapy [28
In this review, we will highlight the early strategies and initial outcomes of hESC-derived and hiPSC-derived translational therapy with an emphasis on current clinical trials focused on directed differentiation of hESCs/hiPSCs. We will also address approaches for use of hiPSCs for correcting monogenetic diseases, the potential immunogenicity of autologous and allogeneic hESCs/hiPSCs, as well as quality improvement considerations for practical, widescale clinical adoption of stem cell therapy.
CURRENT PLURIPOTENT STEM CELL CLINICAL TRIALS
Initial trials using hESC-derived and hiPSC-derived cells have focused on therapeutic cell populations that do not require genetic modifications (beyond reprogramming to hiPSCs) and can be efficiently produced under current Good Manufacturing Practice (cGMP) conditions ( Table 1 ). The first Phase I, multicenter trial using hESC-derived cells was initiated by the Geron Corporation (Menlo Park, California, USA). In this study, hESC-derived oligodendrocyte progenitor cell injections that demonst rated remyelination, growth, and gain of locomotion in rat models were planned for ten patients with subacute thoracic spinal cord injuries [33] . Only four patients were transplanted and the trial was abruptly halted due to a shift in Geron's business strategy [34] . Initial reports from Geron state there were no adverse effects related to stem cell transplant in two patients [35] . Although it has been over five years since its conception, Asterias Biotherapeutics (Menlo Park, California, USA) resurrected the trial in June 2015 and plans to treat an additional thirteen patients in a dose-escalation Phase I/IIa study [36] .
Shortly after the Geron trial, a series of three trials focusing on transplant of retinal pigment epithelium (RPE) derived from hESCs and hiPSCs in patients with macular diseases emerged. From a technical perspective, RPE is an attractive target for initial studies, as it can be efficiently differentiated and purified in vitro under cGMP conditions, it requires a small number of cells to repopulate dysfunctional retinal tissue, and visual acuity improvement has been demonstrated in both human and animal models [37] . Human clinical trials transplanting fresh RPE into damaged subretinal space have previously been successful in improving vision and quality of life for patients with retinal disease [38] [39] [40] . Furthermore, from a patient management perspective, the eye is an ideal candidate as it may be immune privileged and the retina can be monitored noninvasively through ophthalmoscopy. Advanced Cell Technologies (now Ocata Therapeutics, Marlborough, Massachusetts, USA) led a Phase I and Phase II trial beginning in 2011 in which hESCderived RPE cells were surgically injected into the subretinal space of 18 patients with either Stargardt's macular dystrophy or age-related macular degeneration (AMD) and were subsequently treated with immunosuppression up to 12 weeks posttransplant [41 && ]. At 37 months posttreatment, no serious adverse effects (i.e., immunological rejection, teratoma formation, or cell transformation) related to stem cell transplant had been documented. Thirt een patients demonstrated a significant increase in subretinal pigmentation, indicative of success ful hESC-derived RPE engraftment and proliferation. Best-corrected visual acuity improved in 10 eyes, improved or remained the same in seven eyes,
KEY POINTS
Initial clinical trials using human embryonic stem cells (hESC) and human induced pluripotent stem cells (hiPSC)-derived cell products for spinal cord injury and retinal repair demonstrate these cells are safe and potentially efficacious.
The CRISPR/Cas9 system can be applied in human pluripotent stem cells to correct pathogenic mutations with improved efficiency and specificity than existing gene-editing technologies.
Although promising for widescale clinical adoption, additional preclinical and clinical trials are needed to better understand potential immune responses, resulting from autologous hESC-derived and hiPSC-derived cells used for transplantation. and decreased in only one eye following transplant [41 && ]. This study is the first documented hESCbased therapy to demonstrate not only safety from adverse effects, but also efficacy after transplant.
In September 2014, the first hiPSC-based trial was initiated by the RIKEN Center for Developmental Biology (Kobe, Japan) for the treatment of wet AMD [31, 32] . To date, one 70-year-old woman received hiPSC-derived RPE, which were casted and surgically implanted onto a 1.3 x 3 mm monolayer sheet. These hiPSCs were generated from autologous (patient-specific) fibroblasts. Although it is still too early for published results, Masayo Takahashi [42] recently reported on the safety profile of these cells. With the exception of subretinal edema attributed to the surgical approach, hiPSC-derived RPE were nontumorigenic, negative for viruses, and did not cause a graft versus host response. Although not a primary endpoint for this study, preliminary data also suggest efficacy in improving visual acuity relative to the nontransplanted retina. Given these encouraging results, the group is rapidly moving forward with planned allogeneic transplants using human leukocyte antigen (HLA)-banked hiPSCs for other retinal diseases.
There are two additional ongoing trials focused on cell replacement using hESC-derived cells. The first, initiated in 2013 (Paris Public Hospital, Paris, France), is a Phase I trial focusing on the safety of early stage hESC-derived cardiomyocyte progenitor cells (SSEA1 þ Isl-1 þ ) in patients with severe heart failure. This study utilizes a surgically implanted fibrin gel scaffold to support SSEA1 þ Isl-1 þ cells within a pericardial flap, which provides a microenvironment to support cardiomyocyte growth and differentiation [43 && ,44] . SSEA1 þ Isl-1 þ cells are advantageous, as they are developmentally restricted to the cardiomyocyte lineage and are not associated with teratoma or extracardiac tumor formation [44] . A total of six patients are to be enrolled with results pending. Some looming questions from this study include whether hESC-derived SSEA1 þ Isl-1 þ cells differentiate into human cardiomyocytes once implanted, whether these cells electrically integrate with endogenous cardiomyocytes (i.e., prevent arrhythmias), and whether immunological rejection develops. The second trial, initiated by ViaCyte (San Diego, California, USA) in November 2014, involves hESC-derived pancreatic progenitor cell (PEC-01 TM ) transplantation for patients with Type I diabetes mellitus. PEC-01 TM cells are reported as the progeny of postforegut endodermal cells and ultimately differentiate with high efficiency into C-peptide secreting pancreatic b cells in vivo [45] . To circumvent immune responses and to promote angiogenesis near transplanted cells, PEC-01 TM will be protected by proprietary encapsulation. Similar to the cardiac trial, it remains to be seen how many pancreatic b cells are formed in vivo from seemingly heterogeneous hESC-derived endodermal progenitors. Other preclinical studies suggest additional strategies to produce pancreatic cells from hESCs and hiPSCs and this approach will likely provide a new cellular platform in future trials for diabetic patients [29 & ].
THE NEW FRONTIER: USING GENE-CORRECTED PLURIPOTENT STEM CELLS TO CURE MONOGENETIC DISEASES
Although current clinical trials utilize unmodified hESCs and hiPSCs, there is keen interest to utilize gene-corrected stem cells for conditions with defined genetic causes. An initial proof-of-concept study was successfully implemented in a murine model for treatment of sickle-cell anemia [46] . With this approach, autologous cells (i.e., dermal fibroblasts or peripheral blood) from an affected patient would first be harvested and reprogrammed into hiPSCs. Gene modification of pathological mutations in hiPSCs would then be performed and cells subsequently would be expanded and differentiated into target cell lineages. The gene-corrected, differentiated cells would be transplanted back to the patient through direct injection or seeded on a biocompatible scaffold (Fig. 1a ). Three gene-correction approaches have been successfully implemented in pluripotent stem cells. Zinc finger nucleases (ZFN) were the earliest tool to induce sitespecific repair. Although some groups successfully used ZFN in hESCs/hiPSCs for mutagenic repair that could be suitable for patients [47] [48] [49] , this approach has fallen out of favor due to concerns in ZFN specificity within a targeted gene locus [50, 51] , difficulty in ZFN design [52] , and time and cost in validating optimal ZFN sets [53] . In 2007, TAL effector nucleases (TALENs) subsequently emerged as an alternative for ZFNs. TALENs function similarly to ZFN, but possess dramatically improved specificity. There have been several reports demonstrating successful applications in hESCs/hiPSCs [54] [55] [56] , however, TALENs also are subjected to the same concerns as ZFNs in that their delivery is mostly dependent on viral transduction [57] , there is a high rate of nonspecific targeting that may result in tumorigenesis (even if the intended target is a well tolerated harbor site) [58] , and validation can be laborious.
The most promising current approach to hESCs/ hiPSC-targeted gene repair now lies in the clustered regulatory interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) system. This system, originally discovered as an innate-like immune response in Streptococcus pyogenes, forms the basis behind eukaryotic gene editing by using a transfected guide RNA (gRNA) with complementarity to a targeted gene locus that also recruits exogenous Cas9 endonuclease. Site-specific doublestrand cleavage via Cas9 only occurs if the template sequence possesses a 3'-NGG nucleotide motif. Insertions or deletions resulting in endogenous gene knockout arise if nonhomologous end joining repair ensues. Gene insertion (i.e., correction) via homology-directed repair (HDR) can also be accomplished if a repair template is cotransfected with the gRNA and Cas9. The CRISPR/Cas9 system possesses several advantages. First, gRNAs are simple to design and cost effective with several, well validated online tools available for optimal gRNA production for almost any gene locus of interest [59,60,61 & ]. Second, on-target specificity is much greater than that of ZFN and TALENs [62] . Third, modifications can be multiplexed to target many genes simultaneously by introducing multiple gRNAs within the same plasmid [63] . Fourth, from initial gRNA design to final gene modified cells, production time can be as quick as 2-3 weeks [59] . Fifth, a Cas9 enzyme possessing catalytic domain variants that diminishes off-target effects can be efficiently transfected as transient, nonintegrating mRNA [64] .
Initial studies using CRISPR/Cas9 in human pluripotent stem cells have focused on correcting patient-derived hiPSCs for hematological conditions. Based on previous studies demonstrating the correction of b-thalassemia in hematopoietic stem cells by lentiviral-mediated TALEN delivery [65] , Xie, et al. [66 & ] used CRISPR/Cas9 with a nonintegrating piggyBac transposon to repair patientderived hiPSCs heterozygous for two common bthalassemia mutations. This combination resulted in site-specific correction of the HBB locus and enabled erythroid cell production with successful expression of normal HBB. Notably, off-target effects were not observed in the six most-common sites of gRNA sequence homology. Smith et al. [67 & ] assessed CRISPR/Cas9 correction of a heterozygous JAK2-V617F mutation causing polycythemia vera in patient-derived hiPSCs. Again, in this genetic repair Gene-corrected hiPSCs can then be differentiated into the desired cell and/or tissue products prior to autologous transplantation via direct injection or seeding on a biocompatible scaffold. (b) Prior to autologous cell transplantation, gene-corrected hiPSC-derived cell products must first pass several safety checkpoints, such as viral, toxicology, and tumorigenicity screens. Cells would also be immunophenotyped and banked for future patient use based on human leukocyte antigen (HLA) expression at this time. Furthermore, logistical hurdles such as obtaining intellectual property rights for product commercialization and regulatory agency approval must be in place prior to clinical trial.
system, Cas9 was more efficient and specific as compared with TALENs. When cotransfected with corrected homology donor templates, 25 of 29 hiPSC-derived JAK2-V617F clones had successful gene correction. Flynn et al. [68 & ] were able to extend a similar approach in correcting hiPSCs engineered from patients with chronic granulomatous disease (CGD). In these patients, single point mutations in CYBB cause inappropriate nicotinamide adenine dinucleotide phosphate oxidase complex synthesis and deregulation of the innate immune response. In hiPSCs, HDR CYBB correction occurred at a rate greater than 10% and of 60 isolated clones in one diseased hiPSC line, 23% were successfully modified with the wild-type sequence. Most importantly, in-vitro phenotypic and functional correction of CGD was demonstrated in monocytes that were differentiated from the gene-corrected hiPSCs, although in-vivo studies were not performed.
There is also a very high potential for pluripotent stem cell-based gene therapy in additional targets, such as skeletal muscle. Li et al. [69 & ] offer one of the first insights to correcting of Duchenne Muscular Dystrophy using CRISPR/Cas9 in patientderived hiPSCs. Exon knock-in with a wild-type dystrophin template caused a complete restoration of the dystrophin protein in terminally differentiated skeletal muscle cells. Moreover, this approach yielded an 84% success rate, making it a feasible route for clinical translation. Collectively, these recent studies provide strong and convincing evidence that CRISPR/Cas9 gene editing of human pluripotent stem cells is a feasible and highly efficient method to generate phenotypically normal cells from diseased patients.
REMAINING BARRIERS FOR CLINICAL IMPLEMENTATION OF HUMAN PLURIPOTENT STEM CELLS
One major concern in translating pluripotent stem cells from bench to bedside is the issue of immunological tolerance to allogeneic and, paradoxically, autologous cell transplants of genetically repaired cells [70] [71] [72] . Although it has been suggested that hESCs are immune privileged [73, 74] , several studies demonstrate some mature cell lineages derived from ESCs become immunogenic [75, 76] . Moreover, newly synthesized protein products generated from autologous, gene-corrected cells could also elicit an immune response, similar to inhibitory antibody synthesis in patients receiving Factor VIII or IX replacement therapy for hemophilia [77] . Although these problems may be circumvented with immunosuppression or other strategies [11, 12] , such therapy may predispose patients to therapeutic complications, such as infection, renal failure, or neurotoxicity. Despite the fact that current clinical trials using hESCs routinely include immunosuppressive medications, it remains unclear for what duration and levels of these medications is required -an area that should remain an important priority for future study. As with other transplantation therapies, it is necessary to balance the benefit of correcting and potentially curing a disabling disease with the risk of the cells and drugs used for treatment.
Several approaches have been proposed to limit immune responses against hESC and/or hiPSCderived cells. Perhaps most promising is the concept of hiPSC banking based on HLA genotype, similar to what is currently performed for umbilical cord blood cells utilized for hematopoietic cell transplantation [78] . Indeed, Yamanaka and colleagues are pioneering HLA-homozygous hiPSC banking in Japan. Computational models predict a bank of only 50 hiPSC lines would be sufficient to cover roughly 91% of the total Japanese population with threelocus HLA compatibility (HLA-A, HLA-B, HLA-DR) [79] . Alternatively, CRISPR/Cas9 or other methods can be used to reduce expression of immune-cell activators (i.e., HLA molecules, costimulatory molecules, natural killer (NK) cell activating receptor ligands, etc.) on hESC/hiPSC-derived cells [80, 81] . Another approach would be to combine hiPSC transplantation with adoptive T-regulatory (T reg ) cell or mesenchymal stromal cell transfer. These cells have antiinflammatory modulators and have demonstrated efficacy for preventing immune responses in human clinical trials [82] [83] [84] .
There remain many logistical barriers that must still be overcome to streamline pluripotent stem cell therapy for patient use (Fig. 1b ). Therapeutic cells of interest must be produced in an efficient manner using methods compatible with cGMP regulations. Methodologies to produce these therapeutic cells can be complicated, requiring stringent regulatory oversight and standard operating procedures to ensure consistent and reproducible hESC/hiPSCderived cell products. hESC/hiPSC-derived products must also be subjected to appropriate karyotype or more detailed genetic testing, screening for adventitious agents, toxicology screening, and so on prior to receiving approval by the US Food and Drug Administration or other foreign regulatory body for clinical trials. Additionally, it is imperative that the purity of target populations remains high to minimize the possibility of adverse effects such as tumors from transplanted stem cell-derived products. Reporter proteins or genomic switches that are unique to differentiated products should be considered in future hESC/hiPSC engineering for this reason.
CONCLUSION
The earliest clinical trials demonstrate hESC-derived and hiPSC-derived therapies are well tolerated and likely efficacious. The combination of site-specific gene correction provides opportunity to produce a curative option for a variety of diseases. Although advances in the lab and clinic are rapidly moving forward, it is essential that cell manufacturing and regulatory processes keep pace with the science to safely provide hESC and hiPSC-based therapies to all patients who could potentially benefit. This study discusses the initial results of the two clinical trials using hESC-derived retinal pigment epithelial cells for treatment of Stargardt's macular dystrophy and age-related macular degeneration.
